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Abstract of the thesis entitled, “Catalytic and biocatalytic transformations in ionic liquid: synthesis of some biologically important compounds” is divided into four chapters.

Chapter-I: Ionic liquids: Introduction and background
As constraints of environment are becoming more and more stringent, organic reactions and catalytic processes require the development of alternative solvents and technologies. The ideal solvent should be environmentally friendly, chemically and physically stable, recyclable, safe and eventually easy to handle. In addition, solvents that allow more rapid transformation and selectivity (region or stereo-selectivity) could have a more significant effect.
	In recent years, ionic liquids (ILs) are considered environmentally friendly alternatives to volatile organic solvents, not only because of their low vapour pressure, which facilitates product separation by distillation (and recycling), but more importantly because of their ability to act as catalysts (e.g. through metal coordination or as Brönsted-acid). In addition, ILs possess several other favorable properties, such as chemical and thermal stability, nonflammability and good dissolving properties for a wide range of organic, inorganic and organometallic compounds.
Water-immiscible ILs have shown to be excellent nonaqueous media for enzyme-catalyzed reactions (especially for lipases), not only because of the high level of activity and stereoselectivity displayed by enzymes in chemical transformations, such as ester synthesis, kinetic resolution of sec-alcohols, etc., but also because of their well identified stabilization effect on the biocatalysts.
This chapter brings a brief account of ionic liquids, their physical properties and their applications as a medium for catalytic as well as biocatalytic transformations.

Chapter-II:
Chapter-II has been divided into two sections. Section-A deals with a brief account of the work carried out by the various research groups followed by the present work on the synthesis of optically active 1,2-diols by kinetic resolution employing the immobilized lipases in the ionic liquid [bmim]PF6. This methodology has been further explored in section-B for the lipase-mediated synthesis of enantiomerically pure 1-(4-benzyloxyphenyl)-1,2-ethanediol and its synthetic use for the preparation of (R)-denopamine.

Section-A: Kinetic Resolution of 1,2-Diols in Ionic Liquid
New catalytic synthetic methods in organic chemistry that satisfy increasing stringent environmental constraints are in great demand. In addition, novel catalytic procedures are necessary to produce the emerging class of organic compounds that are becoming the targets of molecular and biomedical research. Enzyme-catalyzed chemical transformations are now widely recognized as practical alternatives to traditional (non-biological) organic synthesis because of catalytic efficiency and selectivity of enzyme catalysts (chemo-, region-, enantio-, and diastereoselectivity) as well as the mildness of the reaction conditions under which biotransformation of sensitive polyfunctional compounds can be carried out.
1,2-Diols are important precursors and intermediates for a variety of synthetic applications and this functionality is found in a number of pharmaceutically important compounds or their intermediates. Earlier reported chemical methods have certain disadvantages such as unwanted side-products and poor enantioselectivity. Further, enzymatic methods employing lipase-catalyzed transesterification or hydrolysis of monoprotected diols or their corresponding acylated compounds respectively, or by lipase-catalyzed alcoholysis of the diacylated diols exhibit moderate or low enantioselectivity. Therefore, the development of new methodologies for the preparation of enantiomerically pure 1,2-diols is of considerable interest. 
Ionic liquids can be regarded as eco-friendly alternatives to volatile organic solvents and their application in biocatalytic transformation can enhance the activity, selectivity, and stability of biocatalysts. Thus, in an endeavor to improve the enantioselectivity, immobilized lipase PS-C has been investigated for the transesterification of 1,2-diols in organic and ionic liquid media and significant enhancement of enantioselectivity has been observed by the use of the ionic liquid [bmim]PF6 as reaction medium. In the present work the precursor rac-1,2-diols has been prepared by the reaction of -haloketones with KOAc in ionic liquid [bmim]Br and followed by the NaBH4 reduction of -acetoxyketones in methanol (Scheme 1). The racemic 1,2-diols have been kinetically resolved by the lipase-mediated transesterification in the ionic liquid [bmim]PF6 medium (Scheme 2). Further, both the acetates thus obtained have been deacetylated using K2CO3 in methanol to provide enantiomerically pure 1,2-diols (Scheme 3).
The synthetic scheme for the preparation of ionic liquid 1-n-butyl-3-methylimidazolium bromide ([bmim]Br) and 1-n-butyl-3-methylimidazolium hexafluorophosphate ([bmim]PF6) has been shown in Figure 1.


Figure 1.


Scheme 1. Reagents and conditions: i) [bmim]Br, KOAc; ii) NaBH4, MeOH
Transesterification process by employing immobilized lipase (PS-C) has been investigated in different organic solvents and ionic liquid medium, and this has been examined for 1-phenylethane-1,2-diol (3a) as an example. It is observed that by employing immobilized lipase (PS-C) for the resolution of 1,2-diol, the enantioselectivity of diacetate (5a) as well as monoacetate (4a) has been enhanced. In case of ionic liquid [bmim]PF6 the enhancement of this enantioselectivity is remarkable for both the acetates. Hence, this enzymatic kinetic resolution process in ionic liquid medium has been studied for different substituted 1,2-diols. The transesterification of 1,2-diols (3a-d) has been carried out by employing lipase PS-C (0.5 equiv w/w) and vinyl acetate (6 equiv) as acyl donor in ionic liquid (Scheme 2). The literature reports employing non-immobilized lipase PS have usually taken approximately 30-140 h for a variety of organic solvents. This enzymatic kinetic resolution takes place in 10-14 h for nearly 50% conversion (progress of reaction has been monitored by HPLC using silica column) by the use of immobilized lipase (PS-C). It is interesting to observe that this lipase in the immobilized form not only gives higher enantioselectivity but also the reaction duration has been significantly shortened. Further, it is observed that in this lipase-mediated transesterification in ionic liquid medium, the acetylation process initially takes place regioselectively on primary hydroxyl group of the 1,2-diols to afford their monoacetates in 1-2 h. Later, the formation of diacetate products takes place in enantioselective manner. 


Scheme 2. Reagents and conditions: i) lipase PS-C, vinyl acetate, [bmim]PF6

Scheme 3. Reagents and conditions: i) K2CO3, MeOH

Section-B: Synthesis of (R)-Denopamine
	Cardiovascular disease is responsible for about 50% of premature deaths in Western industrialized countries. The most common cardiovascular diseases are ischemic heart problems, heart failure and hypertension. These conditions are interrelated and their treatment involves the use of many type of therapeutic agents such as antiarrhythmic, antianginal, enotropic drugs and cardiotonic drugs. (R)-(-)-Denopamine is a selective 1-adrenoceptor agonist, which is clinically effective in congestive cardiomyopathy. There are some reports on the enantioselective synthesis of denopamine. The reported methods however suffer from one or the other drawbacks such as high cost involvement, poor yields and poor enantioselectivity. In the present work, (R)-denopamine has been synthesized in high enantiopurity via optically active 1,2-diol, 1-(4-benzyloxyphenyl)-1,2-ethanediol (R)-10 obtained by lipase-mediated kinetic resolution protocol. 
The required precursor, 1,2-diol (±)-10 has been prepared starting from the 4-hydroxy acetophenone 6. Benzylation of 4-hydroxy acetophenone 6 has been carried out using K2CO3 and benzyl bromide in ionic liquid 1-butyl-methylpyrrolidinium hexafluorophosphate ([bmPyr]PF6), which not only provides quantitative yields but also can be recycled and reused. Further, 4-benzyloxyacetophenone 7 then obtained has been selectively monobrominated by using ionic liquid pentylpyridium tribromide in 80% yield. Substitution of bromide with an acetoxy group using KOAc in ionic liquid [bmim]Br medium provides -acetoxyketone 9 in quantitative yields, which on reduction through NaBH4 in methanol gives the desired 1,2-diol (±)-10 (Scheme 4).


Scheme 4. Reagents and conditions: i) [bmpyr]PF6, BnBr, K2CO3, 65 C, 12 h; ii) pentylpyridium tribromide; iii) [bmim]Br, KOAc; iv) NaBH4, MeOH

Two different types of immobilized lipases of Pseudomonas cepacia i.e. PS-C (immobilized on ceramic particles) and PS-D (immobilized on diatomaceous earth) have been examined for the kinetic resolution of 1,2-diol (±)-10 in various organic solvents, and as well as ionic liquid [bmim]PF6 media using vinyl acetate as the acyl donor (Scheme 5). It has been observed that the hydrophobic solvent diisopropyl ether and ionic liquid [bmim]PF6 provide good conversion (~50%) and high enantioselectivity for both the acetates with immobilized lipase PS-D.


Scheme 5. Reagents and conditions: i) lipase, vinyl acetate

Synthesis of (R)-(-)-denopamine has been carried out by the selective conversion of the primary hydroxyl group of (R)-10 to its tosylate by using tosyl chloride in pyridine at -15 C to give (R)-13 in 80% yield which upon treatment with excess of amine  (5 equiv) under solvent-free conditions at room temperature affords benzylated denopamine (R)-14. Finally, this on deprotection by catalytic hydrogenation in methanol with 10% Pd/C affords (R)-(-)-denopamine 15 (Scheme 6). 


Scheme 6. Reagents and conditions: i) pyridine, TsCl, -15 C, 24 h; ii) 2-(3,4-dimethoxyphenyl)ethylamine, rt, 10 h;  iii) 10% Pd/C, H2, MeOH, rt

Chapter-III: 
Chapter-III has been divided into two sections. Section-A deals with the chemoenzymatic synthesis of calcilytic agent NPS-2143 and section-B deals with the synthesis of the “task-specific” ionic liquid (TSIL), 1-n-butyl-3-methylimidazolium thiocyanate ([bmim]SCN) and its application as the medium as well as reactant for the synthesis of alkyl thiocyanates from the corresponding alkyl halides by thiocyanate-halide exchange at room temperature.

Section-A: Chemoenzymatic synthesis of calcilytic agent NPS-2143
	Osteoporosis is a major and growing disease that affects over 28 million people, especially postmenopausal women. Presently, anti-resorptive agents such as estrogen, bisphosphonates, calcitonin and selective estrogen receptor modulators (SERMs) are used in the treatment of osteoporosis. These anti-resorptive agents can prevent bone loss but have limited effects on new bone formation and each has been associated with efficacy, safety, tolerability and/or cost limitation. A synthetic 1-34 amino acid peptide fragment of human parathyroid hormone (PTH), has been used to treat severe osteoporosis as an alternative subcutaneous injection. As an alternative to daily PTH injection, one could envision stimulating the release of endogenous PTH from the parathyroid glands. It is well established that PTH secretion is inversely related to plasma calcium concentration and regulated by the extracellular calcium-sensing receptor (CaSR). Thus, compound that blocks the activity of the CaSR (CaSR “antagonists”) leads to increased plasma levels of PTH. This increased PTH levels are associated with bone formation, hence CaSR antagonists could provide a practical approach to the treatment of osteoporosis and such compounds are known as calcilytic agents. NPS-2143 is an orally active low molecular weight calcilytic agent that stimulates the secretion of endogenous PTH by antagonizing the CaSR on the surface of parathyroid cells, resulting in the stimulation of new bone growth. Studies suggested that the (R)-enantiomer of NPS-2143 is 10 to 100 fold more potent than the corresponding (S)-enantiomer. 


The present chapter describes a new efficient chemoenzymatic pathway for the synthesis of optically active calcilytic agent NPS-2143 (16). Enantiomerically pure chlorohydrin 21 has been considered as one of the suitable precursors for the synthesis of this compound. 
The racemic epoxide (±)-17 has been prepared by the reaction with excess of epichlorohydrin in the presence of K2CO3 and 18-crown-6 in refluxing acetone (Scheme 7). Ring opening of the epoxide (±)-17 by LiCl and CuCl2 in THF affords the desired chlorohydrin (±)-21. Additionally, this reaction has also been carried out in ionic liquid [bmim]PF6. Interestingly, the use of ionic liquid media not only provides quantitative yield with regioselectivity but also has potential for its reuse and recycle in further runs.


Scheme 7. Reagents and conditions: i) KOAc, 18-crown-6, CH3CN, reflux 24 h; ii) NaOH, H2O, rt, 1 h; iii) epichlorohydrin, K2CO3, 18-crown-6, acetone, reflux 24 h; iv) CuCl2/LiCl, THF, rt, 14 h, or CuCl2/LiCl, [bmim]PF6, 65 oC, 5 h

Enantiomerically pure epoxide (R)-17 is an important precursor for the synthesis of NPS-2143 and has been prepared through the resolution of the racemic chlorohydrin (±)-21 by employing various lipases (Scheme 8).


Scheme 8. Reagents and conditions: i) lipase, vinyl acetate

The primary requirement for a successful kinetic resolution is the selection of suitable lipases and solvents. Initially, six different commercially available lipases have been screened for the transesterification of 2-chloro-6-(3-chloro-2-hydroxypropoxy)benzonitrile (±)-21 with vinyl acetate in diisopropyl ether. Effect of various lipases and different organic solvents as well as ionic liquids (Figure 2) has also been studied. Amongst the lipases screened, lipase from Pseudomonas cepacia that is PS and PS-D has given good conversion with high enantioselectivity. Further, it has been observed that hydrophobic solvents like diisopropyl ether and toluene gave excellent results when compared with hydrophilic solvents like THF. Further, the effect of different ionic liquids on this transesterification processes has also been investigated. This has been carried out by employing four types of ionic liquids containing different cations/anions (Figure 2) for the transesterification of chlorohydrin (±)-21 using vinyl acetate employing lipase PS-D.

Figure 2.

Interestingly, the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate [bmim]PF6 not only provides good conversion but also high enantioselectivity for the both the (R)-alcohol 21 and (S)-acetate 22. Moreover, the reuse ability of ionic liquid-lipase system has also been investigated for this transesterification processes by recycling it for 2-3 subsequent runs without any appreciable effect on the conversion as well as enantioselectivity. NPS-2143 has been synthesized by the coupling of 2-chloro-6-[2-(R)-oxiranylmethoxy]benzonitrile (R)-17 with 1,1-dimethyl-2-(2-naphthyl)ethylamine 18 in ethanol (Scheme 9).

Scheme 9. Reagents and conditions: i) EtOH, overnight; ii) NaH, MeOH; iii) Pd/C, H2; iv) (R)-2, EtOH, 60 C

Section-B: Task-specific ionic liquid (TSIL), 1-n-butyl-3-methylimidazolium thiocyanate ([bmim]SCN) : synthesis and its application
	Room temperature ionic liquids (RTILs) are attracting considerable attention as solvents for multiphasic catalysis because they can be tuned for specific applications. ILs based on imidazolium cations have been extensively studied with a variety of structural modifications leading to differences in the physical and chemical properties of the liquid. Moreover, most attention has been focused on the modification of the cation, particularly by incorporating hydroxyl, nitrile and carboxylic acid functionalities. Not much attention has been directed towards the preparation of ILs with useful anion. A functionalized anion could not only influence the physical and chemical properties of the IL but also may function as a reactant. There are very few examples, where the ILs have been employed as reaction media and as the nucleophile in an organic transformation. The application of task specific ionic liquids (TSILs) enhances the versatility of classical ionic liquids.  This section describes the synthesis of a TSIL containing an imidazolium cation combined with a thiocyanato anion. Furthermore, this TSIL has been applied as the reagent and medium for the nucleophilic substitution reactions of alkyl halides.
Alkyl thiocyanates are important synthetic precursors for the preparation of sulphur-containing organic compounds. This functional group can be used as a masked mercapto group or as a precursor for sulphur-containing heterocyclic compounds. Additionally, -thiocyanato carbonyl compounds are intermediates for a preferred synthetic route to several types of thiazoles. Thiocyanation is generally carried out via nucleophilic substitution using the thiocyanate anion. The low nucleophilicity of the NCS-ion requires rather harsh reaction conditions. Metal thiocyanates and organic halides or sulfonates are generally used to introduce the thiocyanate functionality into an organic molecule. However, the thiocyanate group is not that stable when it is heated or even under acidic conditions. Chromatography on silica gel or prolonged heating over 50 C can cause intramolecular rearrangement to the thermodynamically favoured isothiocyanate isomers. Furthermore, thiocyanates have also been obtained from alcohols, silyl ethers or amines using Ph3P(SCN)2. However, many drawbacks have been observed for these thiocyanation methodologies. 
This chapter deals with the preparation of the [bmim]SCN ionic liquid (27) and its application as the medium as well as reactant for the synthesis of alkyl thiocyanates from the corresponding alkyl halides by thiocyanate-halide exchange at room temperature.
The ionic liquid, 1-n-butyl-3-methylimidazolium thiocyanate [bmim]SCN (27) has been prepared by the anion exchange of 1-n-butyl-3-methylimidazolium chloride with KSCN in acetone for 48 h at room temperature (Scheme10).


Scheme 10. Reagents and conditions: i) acetone, 48h, rt

This ionic liquid 27 has been investigated for the nucleophilic substitution of a variety of alkyl halides giving alkyl thiocyanates. In a typical experiment, -chloroacetophenone was reacted with 1.2 equivalents of the ionic liquid [bmim]SCN (1) and it was observed (by TLC) that the -chloroacetophenone was quantitatively converted into the corresponding α-thiocyanato carbonyl compound after about 10 min at room temperature. The product has been extracted by ether from the ionic liquid and is pure enough as it does not require any column chromatography thus avoiding the possibility of rearrangement. Significantly, the ionic liquid [bmim]Cl formed after the reaction on treatment with KSCN in acetone regenerated this TSIL [bmim]SCN, thus allowing recycling of the TSIL. A comparison with this TSIL has been carried out by reacting -chloroacetophenone in [bmim]BF4 with 1.5 equiv. of KSCN. It was interesting to observe that this transformation to the corresponding thiocyanate took place with 20-30% conversion even after 2 h of reaction time. This indicated that the nucleophilicity of the SCN anion is much higher in [bmim]SCN compared to KSCN in [bmim]BF4. The application of this TSIL for the transformation of different alkyl halides to their alkyl thiocyanates has been examined (Scheme 11).



Scheme 11. Reagents and conditions: i) acetone, KSCN

Chapter-IV: Catalytic transformations in ionic liquids
	Chapter-IV deals with the applications of the ionic liquids as reaction medium for the chemoselective synthesis of thioacetals and α-tosyloxylation of ketones. Further, the application of α-tosyloxylation methodology has been demonstrated for the synthesis of (S)-duloxetine in this chapter.
Thioacetalization and transthioacetalization are well studied processes for the conversion of carbonyl compounds and their O,O-acetals to the corresponding thioacetals. Thioacetals are important protecting groups for the total synthesis of complex natural products because of their enhanced stability under acidic conditions compared to O,O-acetals. Transthioacetalization of acetals is a useful transformation for the preparation of S,S-acetals and, in comparison to thioacetalization of carbonyl compounds, is a rapid and cleaner reaction process. In general, thioacetals are prepared by protic or Lewis acid catalyzed condensation of carbonyl compounds and their O,O-acetals with thiols. However, there are several disadvantages for these methods, e.g., long reaction times; reflux temperatures; poor selectivity when applied to mixtures of aldehydes and ketones; and the catalyst cannot be recovered and reused.
	Ionic liquids can be used for immobilization of catalysts, which improves their stability and facilitate their recovery. In this process, a catalyst having a polar or ionic character can be immobilized without structural modification and the ionic solution containing the catalyst can be easily separated from reagents as well as products. By utilizing this property of ionic liquid, thioacetalization and transthioacetalization of carbonyl compounds and their O,O-acetals have been carried out using an immobilized Sc(OTf)3 (Scheme 12). This is an efficient and recyclable catalytic system, and additionally this ionic liquid is stable in moisture and in the air.


Scheme 12. Reagents and conditions: i) 2 mol % Sc(OTf)3, EtSH, ionic liquid, 7-15 min

In the last few years, room temperature ionic liquids (RTILs), particularly those based on 1,3-dialkylimidazolium cations, have been recognized as a possible replacement for conventional organic solvents because of their unique physical and chemical behaviour. The RTILs are completely non-volatile, and can usually be recycled and reused. Moreover, their Lewis and Brönsted acidities make them useful catalysts in organic reactions. By utilizing their Lewis and Brönsted acidic properties, dialkylimidazolium ionic liquids have been recently used as catalysts as well as media in some organic transformations like the Diels-Alder reaction, esterification reactions, and towards the synthesis of 1,5-benzodiazepines. In continuation of various research programmes in this laboratory involving thioacetalization of carbonyl compounds, it is of interest to investigate the possibility of carrying out the thioacetalization of carbonyl compounds in an ionic liquid like 1-n-butyl-3-methylimidazolium bromide particularly in the absence of any catalyst. This chapter also describes the use of ionic liquid 1-n-butyl-3-methylimidazolium bromide as an efficient catalytic medium for the chemoselective thioacetalization of carbonyl compounds.
Finally, this chapter describes a simple, efficient and high yielding method for the -tosyloxylation of carbonyl compounds particularly, by employing an ionic liquid. N-butyl-N-mehtylpyrrolidinium hexafluorophosphate [bmPyr]PF6 (Scheme 13). The preparation of α-tosyloxy ketones have been carried out by using Koser’s reagent, HTIB, [hydroxy(tosyloxy)iodo]benzene. 
Further this methodology has been extended for the synthesis of (S)-duloxetine as shown in the scheme 14. (S)-Duloxetine, is not only a serotinin (5-HT) and norepinephrine reuptake inhibitor (antidepressant) but also a new drug for stress urinary incontinence.


Scheme 13. i) HTIB, [bmPyr]PF6, 60 o C, 40-70 min


Scheme 14. Reagents and conditions: i) BH3·Me2S (1 equiv.), (R)-CBS (0.1 equiv.), THF, 10-25 o C, 1 h; ii) NaCN (1.5 equiv.), DMSO, 80-85 o C, 10-15 min (92%); iii) BH3·Me2S, THF, reflux, 2 h; iv) ClCO2C2H5, K2CO3, CH2Cl2, rt, 1 h, 80% (overall); v) LAH, THF, reflux 2 h, 85%; vi) NaH, dry DMSO, 1-fluoronaphthalene, 9 h, 80%.

Optically pure (S)-1-(2-thienyl)-2-(p-tolylsulfonyloxy)ethanol 33 has been considered as a potential building block for the total synthesis of (S)-duloxetine and this has been prepared by the enantioselective reduction of (tosyloxy)methyl2-thienyl ketone 32 with BH3 in presence of chiral (R)-oxazaborolidine catalyst with >99% ee in quantitative yield. This S-33 has been further transformed into the (S)-3-hydroxy-3-(2-thienyl)propanenitrile S-34, by employing NaCN in DMSO at 80-85 oC, which is then converted to corresponding ethyl carbamate S-35. This carbamate on reduction with LAH provided the N-monomethylated amino alcohols, S-36 in excellent yields. Finally, O-arylation of the monomethylated amino alcohol using 1-fluoronaphthalene in dry DMSO employing NaH as the base afforded duloxetine S-37 80% yield.
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